Functional peroxisome deficiency, as encountered in Zellweger syndrome, causes a specific impairment of neuronal migration. Although the molecular mechanisms underlying the neuronal migration defect are at present unknown, the excess of very long chain fatty acids in brain, a consequence of peroxisomal ␤-oxidation deficiency, has often been hypothesized to play a major role. The purpose of the present study was to investigate the contribution of peroxisomal dysfunction in brain as opposed to peroxisomal dysfunction in extraneuronal tissues to the migration defect. Peroxisomes were selectively reconstituted either in brain or liver of Pex5 knock-out mice, a model for Zellweger syndrome, by tissue-selective overexpression of Pex5p. We found that both rescue strains exhibited a significant correction of the neuronal migration defect despite an incomplete reconstitution of peroxisomal function in the targeted tissue. Animals with a simultaneous rescue of peroxisomes in both tissues displayed a pattern of neuronal migration indistinguishable from that of wild-type animals on the basis of cresyl violet staining and 5Ј,3Ј-bromo-2Ј-deoxyuridine birth-dating analysis. These data suggest that peroxisomal metabolism in brain but also in extraneuronal tissues affects the normal development of the mouse neocortex. In liver-rescued mice, the improvement of the neuronal migration was not accompanied by changes in very long chain fatty acid, docosahexaenoic acid, or plasmalogen levels in brain, indicating that other metabolic factors can influence the neuronal migration process.
Introduction
The laminar organization of neocortex depends on the radial migration of numerous neurons from the subventricular zone toward the surface using radial glial cells as a scaffold (Hatten, 1999; Gressens, 2000) . Although the molecular mechanisms controlling the migration process are not fully understood, recent studies have implicated a number of neuronal and glial ligandreceptor systems and cytoskeleton-interacting proteins in this directed migration, including adhesion molecules, extracellular matrix proteins, cell surface receptors, neurotransmitters, and calcium influx (Komuro and Rakic, 1992; Rakic et al., 1994; Behar et al., 1996; Walsh, 1999) .
Much less attention has been paid to metabolic factors controlling neuronal migration. Nonetheless, it is well known that peroxisome deficiency, as encountered in the rare inherited syndrome of Zellweger, is associated with a very characteristic impairment of neuronal migration (Evrard et al., 1978) , resulting in gyral abnormalities of the cerebral cortex and heterotopias in neocortex, cerebellum, and inferior olivary complex. Patients suffering from Zellweger syndrome present with extreme hypotonia, neonatal seizures, and severe mental retardation and die usually within the first year of life. Zellweger syndrome is the prototype and most severe form of the peroxisome biogenesis disorders, a heterogeneous group of autosomal recessive diseases caused by the defective import of peroxisomal matrix or membrane proteins (Subramani et al., 2000; Terlecky and Fransen, 2000; Gould et al., 2001; Purdue and Lazarow, 2001 ). The defective import of peroxisomal proteins results in the loss of multiple peroxisomal functions attributable to inactivity of most unimported enzymes in the cytosol. The major metabolic consequences include increased levels of very long chain fatty acids (VLCFAs), bile acid intermediates, and 2-and 3-methylbranched chain fatty acids, a depletion of ether phospholipids, including plasmalogens and platelet-activating factor, and reduced levels of the polyunsaturated fatty acid docosahexaenoic acid (DHA, C22:6n-3). Despite extensive knowledge of the met-abolic role of peroxisomes, to date it remains unclarified how defective peroxisomal function influences neuronal mobility during the migration process (Powers, 1995) .
Animal models of peroxisome biogenesis disorders have been generated by targeted inactivation of either the Pex5 gene (Baes et al., 1997) , encoding the import receptor for most peroxisomal matrix proteins, or the Pex2 gene (Faust and Hatten, 1997) , encoding a peroxisomal membrane protein. Both knock-out mouse models displayed intrauterine growth retardation, were severely hypotonic at birth, died within 72 hr, and exhibited the known metabolic abnormalities of Zellweger patients.
Neurodevelopmental analysis of peroxisome-deficient fetuses revealed a neuronal migration defect in neocortex, a delay in neuronal maturation, significantly increased apoptosis in the cortical plate, and structural abnormalities in the inferior olivary nucleus, all typical of Zellweger syndrome (Baes et al., 1997; Faust and Hatten, 1997) .
The purpose of the present study was to investigate the contribution of peroxisomal dysfunction in brain as opposed to peroxisomal dysfunction in extraneuronal tissues to the neuronal migration impairment in Pex5 knock-out mice. To this end, transgenic mice were generated with selective expression of peroxisomes in either brain or liver, an organ with abundant peroxisomes, by tissue-selective overexpression of the Pex5 protein (Pex5p) in the knock-out mice.
Materials and Methods

Transgenic DNA constructs
The full-length coding region of the long form of mouse Pex5 cDNA was generated by reverse transcription (RT)-PCR using Expand reverse transcriptase (Roche, Brussels, Belgium) on mouse liver RNA and Expand high-fidelity PCR enzyme mix (Roche) using the primers 5Ј-TACTA-CGGCGCGCCATGGCAATGCGGGAGCTGGTGGAG-3Ј (forward) and 5Ј-GTGGTGTCTAGATCACTGGGGCAGGCCAAACATAGC-3Ј (reverse). The Pex5L cDNA and the myc9E10 epitope preceded by the Kozak consensus sequence were subcloned in a modified pNEB vector (New England Biolabs, Leusden, The Netherlands).
For the brain-selective reconstitution of Pex5p, the nestin second intron was subcloned from the p401ZgII plasmid provided by Dr. R. McKay [National Institutes of Health (NIH), Bethesda, MD] (Zimmerman et al., 1994) . The thymidine kinase (TK) minimal promoter was amplified by PCR, and the 0.6 kb mouse protamine 1 gene (mP1) segment containing an intron, a 3Ј untranslated region and, a polyadenylation signal was taken from the pGfa2lac-1 plasmid obtained from Dr. M. Brenner (NIH). On both sides of the nestin/TK-mycPex5-mp1 construct, an 800 bp insulator sequence was subcloned, derived from the human ␤-globin 3Ј-DNase I-hypersensitive site (Fleenor and Kaufman, 1993) , and obtained by PCR on HeLa cell genomic DNA.
For the liver-selective reconstitution of Pex5p, the 7.6 kb 5Ј flanking region of the ␣-fetoprotein (AFP) gene (Godbout et al., 1986; Hammer et al., 1987) was subcloned from the pAFP vector provided by S. Tilghman (Princeton University, Princeton, NJ). The AFP-mycPex5-mP1 construct was inserted into the pLA39 vector in between two identical insulator sequences, each consisting of two copies of a 1.2 kb fragment of the chicken ␤-globin gene (Pikaart et al., 1998; Potts et al., 2000) .
More details on the assembly of the vectors destined for the brain-or liver-selective overexpression of Pex5p are available on request. A diagram of these constructs is shown in Figure 1 .
Generation, identification, and breeding of transgenic mice
The nestin-TK-mycPex5 transgene was liberated by PacI digestion, whereas the plasmid containing the AFP-mycPex5 transgene was linearized with PvuI. Transgenes were gel-purified, diluted to a final concentration of 5 ng/l, and used for microinjection into the male pronucleus of fertilized eggs of the FVB/N strain. The incorporation of the transgene was examined in 3-week-old mice by Southern blot analysis of tail DNA using BamHI digestion and a 5Ј genomic Pex5 probe, previously developed to distinguish the wild-type from the recombinant allele in Pex5 ϩ/Ϫ mice (Baes et al., 1997) (Fig. 1C) . Alternatively, PCR analysis was performed to demonstrate the transgene using as forward primers 5Ј-CTCACTGAAGGTTACTAGTTAACAGGC-3Ј (AFP promoter) and 5Ј-TACTACAAGCTTGGCCCCGCCCAGCGTCTT-3Ј (TK promoter) and the previously mentioned Pex5 reverse primer. On the basis of Southern blot analysis, it was estimated that the copy number of the inserted transgene was 10 copies in the nestin-TK-mycPex5 transgenic line and two copies in the AFP-mycPex5 transgenic line. The mice were bred in the animal housing facility of the University of Leuven under conventional conditions. They had unlimited access to standard rodent food chow and water and were kept on a 12 hr light/dark cycle. All animal experiments were approved by the Institutional Animal Ethical Committee of the University of Leuven.
Biochemical analysis
For biochemical analysis of mouse fetuses [embryonic day 14.5 (E14.5) and E18.5], pregnant females were killed by cervical dislocation; the fe- tuses were removed; and tissues were immediately frozen in liquid nitrogen. RNA analysis. RNA extraction from tissues (20 -100 mg) and Northern blot analysis were performed as previously described (Huyghe et al., 2001) . To remove residual genomic DNA for the evaluation of transgene expression by RT-PCR, 10 g of total RNA was treated for 15 min with 20 U of DNase I (Roche) at 37°C in a buffer consisting of (in mM): 25 Tris-HCl, pH 8.3, 75 KCl, and 3 MgCl 2 . Superscript reverse transcriptase (Invitrogen, Merelbeke, Belgium) and 0.5 g of oligo-dT 12-18 was used to generate cDNA, followed by PCR with the Pex5 forward and reverse primers previously mentioned.
Western blot analysis. Western blot analysis on homogenates from entire liver, brain, or neocortex was performed as previously described (Huyghe et al., 2001) . Rabbit polyclonal antibodies directed to the human Pex5p (a gift from G. Dodt, Ruhr University, Bochum, Germany), the 52 kDa subunit of the rat acyl-CoA oxidase (Van Veldhoven et al., 1994) , and the 41 kDa rat 3-ketoacyl-CoA thiolase (Antonenkov et al., 1997) were used.
Determination of dihydroxyacetonephosphate acyl transferase activity. Twenty five microliters of tissue homogenate (1:5, w/v) prepared in 5 mM 4-morpholinepropanesulfonic acid, pH 7.2, 1 mM EDTA, and 0.25 M sucrose were used in the assay previously described (Jones and Hajra, 1994) .
Determination of hexacosanoic acid, C22: 6n-3, and plasmalogen levels. These lipids were quantified according to previously published protocols .
Analysis of peroxisomes
Electron microscopic analysis of peroxisomes in liver. For the electron microscopic analysis of liver, newborn mice were perfused transcardially with 4% (w/v) depolymerized paraformaldehyde and 0.05% (v/v) glutaraldehyde in 1ϫ PBS, pH 7.4, and 2% (w/v) sucrose. For detection of peroxisomes, the peroxidatic activity of catalase was demonstrated by the alkaline 3,3Ј-diaminobenzidine procedure (Fahimi, 1969) with subsequent postfixation in reduced osmium and Epon 812 embedding.
Immunocytochemical and immunohistochemical analysis of peroxisomes in brain. Fetuses were removed and immersion-fixed (E14.5) or perfused intracardially (E18.5) with 4% freshly depolymerized paraformaldehyde in PBS, pH 7.4, and embedded in paraffin. For immunofluorescent detection of catalase, the antigen retrieval process consisted of treatment with 0.1% trypsin for 5 min, followed by 15 min of microwaving (850 W) in citrate buffer, pH 6 . After incubation with a monospecific antibody to catalase (Baumgart et al., 1989 ) the antigen-binding sites were detected by an Alexa 488-conjugated secondary antibody (Molecular Probes, Eugene, OR). The nuclei were counterstained with propidium iodide, and the sections of neocortex were analyzed by a confocal laser scanning microscope (CLSM; Leica, Heidelberg, Germany). MycPex5p expression was detected by anti-Pex5p (antibody provided by G. Dodt) or anti-myc immunohistochemistry (antibody provided by M. Fransen, K. U. Leuven, Leuven, Belgium; results not shown in figures). Antigen retrieval was achieved by boiling sections for 20 min in citrate buffer, pH 6, in a steam cooker. After blocking of endogenous peroxidase with 3% H 2 O 2 and blocking of endogenous biotin with an avidin-biotin blocking kit (PerkinElmer Life Sciences, Boston, MA), RT-PCR analysis of the indicated tissues derived from E18.5 Pex5 rescue mice. Sc, Spinal cord; B, brain; L, liver; S, stomach; C, colon; K, kidney; H, heart; Lu, lung; M, skeletal muscle; Bo, bone. C, D, Immunoblots of brain (E14.5; C), neocortex (E18.5; C), and liver homogenates (E14.5, E18.5; D) using an antibody specific for Pex5p. The full-length protein is indicated by an arrow; a shorter form appearing in the rescue tissues is indicated by an arrowhead. KO, Knock-out; CT, control. E, F, Immunoblots of neocortex (E18.5; E) and liver homogenates (E18.5; F ) using an antibody specific for the 52 kDa subunit of ACO. The positions of the unprocessed 71 kDa and the processed 52 kDa bands are indicated. G, H, Restoration of DHAPAT activity in brain and liver of E14.5 and E18.5 Pex5 rescue mice. Values are expressed as percentages of activities in control mice of the same age.
antigen-binding sites were detected with a peroxidase-coupled biotinavidin system (rabbit ExtraVidin kit; Sigma, Munich, Germany) and visualized by histochemical staining for peroxidase using Novared (Vector Laboratories, Burlingame, CA) as a substrate. Nuclei were counterstained with hematoxylin.
Neuronal migration analysis
To quantify the defects of neuronal migration, pulse-chase experiments with 5Ј,3Ј-bromo-2Ј-deoxyuridine (BrdU) were performed. Pregnant dams carrying transgenic and wild-type mice were injected intraperitoneally at E13.5 or E15.5 with 50 mg/kg BrdU (Sigma). Mothers were killed at E18.5 by decapitation; fetuses were removed; and brains were fixed by immersion fixation in 70% ethanol. After paraffin embedding, 7 m sections were cut coronally and either stained with cresyl violet or used for immunohistochemical detection of BrdU (mouse monoclonal antibody; Becton Dickinson, San Jose, CA). On the basis of previous studies performed in Pex5 knock-out mice (Baes et al., 1997; Gressens et al., 2000) , the density of BrdU-stained cells was measured in the ventricular zone, intermediate zone (prospective white matter), and neocortical plate and was used as an index of the severity of the neuronal migration disorder. To avoid regional and experimental variations in labeling, sections from the different experimental groups including comparable anatomic regions in the frontoparietal area were treated simultaneously. Counts of BrdU-positive cells were performed by hand, using a counting grid under a 40ϫ magnification objective. The counts were performed by an observer blind to the different experimental groups in a sector measuring 500 m in length in the coronal plane within the frontoparietal cerebral wall (see Fig. 6 F) . This sector was divided into a ventricular zone (average surface area, 0.03 mm 2 ), an intermediate zone (prospective white matter; average surface area, 0.05 mm 2 ), and a neocortical plate (average surface area, 0.1 mm 2 ) (Takahashi et al., 1992) . For each experimental group, cells were counted in 10 different fields (five brains from three different litters, two nonadjacent sections of the right hemisphere per brain). Both the intensely and the weakly labeled cells were counted. To further confirm these quantitative data on a larger sample, we performed extensive counts for the most important data set, which comprised BrdU-positive cells in the intermediate zone after injection of BrdU at E13.5. In this subset of analysis, cells were counted in 40 different fields (five brains from three different litters, eight nonadjacent sections of the right hemisphere per brain, each section being separated from the next one by a fixed 14 m distance; see supplementary material, available at www.jneurosci.org).
Neural cell death analysis
To document neocortical cell death, sections immediately adjacent to those used for BrdU staining were used for immunodetection of cleaved caspase 3 (rabbit polyclonal antibody; Cell Signaling, Beverly, MA) and for terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end-labeling (TUNEL) staining (in situ cell death detection kit; Roche, Meylan, France). Cleaved caspase 3-labeled cells and TUNEL-labeled nuclei were counted in a 1 mm 2 area in the neocortical plate at the level of the frontoparietal cerebral wall. For each experimental group, 10 different fields (five brains from three different litters, two nonadjacent sections of the right hemisphere per brain) were analyzed.
Statistical analysis
Quantitative data are expressed as mean Ϯ SEM for each treatment group. Results were compared using ANOVA with Bonferroni's multiple comparison of means test. Differences were considered statistically significant at p Ͻ 0.05.
Results
Generation of transgenic mice with brain-or liver-selective expression of Pex5p
To reconstitute peroxisomes in fetal Pex5 knock-out mice in a tissue-selective way, transgenic mice were generated expressing myc-tagged Pex5p under the control of a tissue-selective promoter. The mycPex5 fusion protein was able to restore the import of peroxisomal matrix proteins in Pex5 Ϫ/Ϫ fibroblasts (data not shown). For the brain-selective reconstitution of Pex5p, the second intron of the nestin intermediate filament gene fused to the thymidine kinase minimal promoter was used (Zimmerman et al., 1994; Yamaguchi et al., 2000) . This promoter restricts transgene expression to neuroepithelial cells that are precursors for the neuronal and glial lineage. The 7.6 kb 5Ј flanking region of the ␣-fetoprotein gene was used to overexpress Pex5p in hepatocytes (Godbout et al., 1986; Hammer et al., 1987; Potts et al., 2000) (Fig. 1 A,B) . Pronuclear zygote injection yielded three and two founder mice that had inserted the nestin-mycPex5 and the AFP-mycPex5 constructs, respectively. After crossbreeding with Pex5 ϩ/Ϫ mice, one of the AFP-mycPex5 founders appeared to be infertile, and from one of the nestin-mycPex5 founders, no pups with the desired genotype were obtained. Further phenotypic analysis was performed on one mouse line expressing mycPex5p in liver (denoted LR:Pex5 mice) and on one of the two mouse lines expressing mycPex5p in brain (denoted BR:Pex5 mice).
Characterization of transgenic mice with brain-or liverselective expression of mycPex5p
As illustrated in Figures 2 and 3 , the selectivity and functionality of transgene expression were evaluated in the relevant tissues of LR:Pex5 Ϫ/Ϫ and BR:Pex5 Ϫ/Ϫ mice. RT-PCR analysis on a variety of tissues of E18.5 fetuses revealed that mycPex5 cDNA was only demonstrable in brain and spinal cord of a BR:Pex5 Ϫ/Ϫ mouse and in liver and kidney of a LR:Pex5 Ϫ/Ϫ mouse, in correspondence with the promoter activity present in the constructs (Fig.  2 A,B) . To assess the expression of the Pex5 protein, immunoblotting and immunocytochemical experiments were performed. In BR:Pex5 Ϫ/Ϫ mice, mycPex5p was detectable in E14.5 brain homogenates and in E18.5 neocortex but was present at lower levels than the endogenous Pex5p in a wild-type mouse (Fig. 2C) . In liver homogenates of LR:Pex5 Ϫ/Ϫ mice, mycPex5p was detectable at both E14.5 and E18.5 (Fig. 2 D) . As expected, no Pex5p immunoreactivity was observed in homogenates prepared from brain or liver of a generalized Pex5 knock-out mouse. In liver as well as brain, the transgene gave rise to the full-length Pex5 protein as well as to a shorter protein (Fig. 2C,D, arrowheads) . Because this immunoreactive band was not detected with an antibody directed to the N terminus of Pex5p, we assume that this is a shorter Pex5 product that is generated by using an alternative translation start site. These data were confirmed by strong immunocytochemical staining of Pex5p in all layers of the cortex of E14.5 BR:Pex5 Ϫ/Ϫ mice whereas no staining was observed in knock-out animals (Fig. 3A,B) . In E18.5 BR:Pex5 Ϫ/Ϫ mice, Pex5p staining was strongly reduced in the outer cortical layers but was still very intense in the germinative zone (Fig. 3D) .
Subsequently, we examined whether MycPex5p expressed in the rescue mice was capable of restoring peroxisomal matrix import. Therefore, the processing of acyl-CoA oxidase, a protein with a C-terminal peroxisomal-targeting signal 1 (PTS1), and peroxisomal 3-ketoacyl-CoA thiolase, a protein with an N-terminal cleavable targeting signal 2 (PTS2), was monitored in liver and brain homogenates by Western blot analysis. It is indeed known that the proteolytic cleavage of these enzymes depends on their import into peroxisomes. As shown in Figure 2 , E and F, the processed form of acyl-CoA oxidase was not detectable in liver or brain of generalized Pex5 knock-out mice. In contrast, the 52 kDa subunit of acyl-CoA oxidase was found in neocortex of E18.5 BR:Pex5 Ϫ/Ϫ mice and in liver of E18.5 LR:Pex5 Ϫ/Ϫ mice, as also observed in the respective wild-type tissues. Similarly, 3-ketoacyl-CoA thiolase was processed in the target tissue of the rescue mice (data not shown), suggesting that the import of PTS1 and PTS2 proteins was restored in the two tissue-selective Pex5 rescue strains. In the kidney of LR:Pex5 Ϫ/Ϫ mice, no processing of acyl-CoA oxidase was observed on Western blots, indicating that the Pex5 transcripts found in this organ were insufficient to generate functional Pex5 protein (data not shown).
Because the neuronal migration defects in Pex5 knock-out mice predominantly manifest between E14.5 and E18.5, it is crucial that peroxisomal function resumes in the targeted tissue before this stage. This was investigated by measuring the activity of dihydroxyacetonephosphate acyl transferase (DHAPAT), an enzyme of the ether phospholipid synthesis pathway, which is known to be inactive in Zellweger patient fibroblasts (Datta et al., 1984) . DHAPAT activity was not detectable in liver or brain homogenates of the generalized Pex5 knock-out mice at E14.5 and at E18.5, confirming previous results (Baes et al., 1997) . In liver of LR:Pex5 Ϫ/Ϫ mice, DHAPAT activity was restored to 30% of wild-type levels at both E14.5 and E18.5 (Fig. 2 H) . This is in good agreement with the partial restoration of plasmalogen levels (6.4 pmol/nmol phospholipids in knock-out mice, 15.4 pmol/nmol in LR: Pex5 Ϫ/Ϫ mice, and 28.2 pmol/nmol in wild-type mice) and of urate oxidase activity (25 Ϯ 4% of wild type activity in LR: Pex5 Ϫ/Ϫ mice, not measurable in Pex5 knock-out mice). In brain of BR:Pex5 Ϫ/Ϫ mice, DHAPAT activity was restored to 70% of wild-type levels at E14.5 but was decreased again to 50% of normal levels in brain of E18.5 pups (Fig. 2G) .
To demonstrate the presence of structurally intact peroxisomes in the cortex of BR:Pex5 Ϫ/Ϫ mice, immunocytochemical staining of the peroxisomal marker enzyme catalase was performed. As expected, a punctate fluorescence pattern was observed in all cell types of wild-type mice (Fig. 3E) , and diffuse cytoplasmic staining was observed in both neural and endothelial cells of Pex5 Ϫ/Ϫ animals ( Fig.  3G ). In the absence of peroxisomes, catalase also resided in the nucleus, as previously observed (Baes et al., 1997) . Importantly, in the cortex of E14.5 and E18.5 BR:Pex5 Ϫ/Ϫ mice (Fig. 3F,H ) , catalase immunoreactivity was found as a punctate pattern in all cells except endothelial cells. In comparison with wild-type mice, fewer peroxisomes were found in neural cells of E14.5 mice, and even fewer were found in E18.5 BR:Pex5 Ϫ/Ϫ mice (Fig. 3E,F,H ) . However, in the latter mice, no sign of cytosolic or nuclear localization of catalase was found in any of the cortical layers, indicating that even the diminished levels of Pex5p in the outer cortical layers were sufficient to allow import of peroxisomal proteins. In liver of three LR:Pex5 Ϫ/Ϫ mice, examined by electron microscopic analysis after cytochemical staining for catalase, structurally intact peroxisomes were found in a fraction of hepatocytes (10 -40%) but not in Kupffer or endothelial cells (Fig. 4C-E) . Interestingly, in the hepatocytes lacking catalase-positive peroxisomes, mitochondria with abnormal cristae were found (Fig.  4 D,E, asterisk) as previously observed in liver of generalized Pex5 knock-out mice ).
Phenotypic analysis of transgenic mice with brain-or liverselective reconstitution of peroxisomes
Macroscopic evaluation
On macroscopic examination at birth, LR:Pex5 Ϫ/Ϫ and BR: Pex5 Ϫ/Ϫ mice were indistinguishable from the generalized Pex5 knock-out mice (Baes et al., 1997) , whereas they could easily be discriminated from wild-type littermates. They displayed intra- uterine growth retardation with an average 30% body weight reduction at birth compared with control littermates. Newborn LR:Pex5 Ϫ/Ϫ , BR:Pex5 Ϫ/Ϫ , and generalized Pex5 Ϫ/Ϫ pups were severely hypotonic, unable to support their body weight on their legs and to feed themselves, and they kept a contracted posture. Most died within 24 hr after birth, and none survived Ͼ48 hr. Double-rescue mice (LBR:Pex5 Ϫ/Ϫ ), obtained by intercrossing LR:Pex5 ϩ/Ϫ and BR: Pex5 ϩ/Ϫ mice, exhibited the same macroscopic phenotype and had the same life span as the single rescue or generalized Pex5 knock-out mice.
Biochemical analysis
In peroxisome deficiency disorders, the accumulation of VLCFA and the depletion of plasmalogens and C22:6n-3 have been hypothesized to be related to the neurodevelopmental disturbances. To correlate the levels of these compounds in the BR:Pex5 Ϫ/Ϫ and the LR:Pex5 Ϫ/Ϫ mice with the brain phenotype, their concentrations were determined in phospholipids extracted from whole brain of E14.5 and E18.5 fetuses.
In brain of E14.5 and E18.5 Pex5
fetuses, hexacosanoic acid (C26:0) levels were twofold to threefold elevated, in agreement with previous reports (Baes et al., 1997; Janssen et al., 2000) . As shown in Figure 5 , A and B, the C26:0 concentration was normalized in brain of BR:Pex5 Ϫ/Ϫ mice at both fetal ages. Also, the concentration of DHA in brain, which was 30% reduced in generalized Pex5 knock-out mice at E18.5 or birth , was restored to wild-type values in BR:Pex5 Ϫ/Ϫ mice (Fig. 5E,F ) . Finally, the severe depletion of plasmalogens in brain of Pex5 Ϫ/Ϫ mice was fully normalized in E14.5 BR:Pex5 Ϫ/Ϫ fetuses (Fig. 5C ). However, in brain of E18.5 BR:Pex5 Ϫ/Ϫ pups (Fig. 5D) , plasmalogen levels were only 60% of wild-type values, which is in agreement with the decline of DHAPAT activity in brain of BR:Pex5 Ϫ/Ϫ mice at the end of gestation.
These peroxisomal metabolic parameters were also monitored in brain of mice with reconstituted peroxisomal function in liver. C26:0 levels were elevated and plasmalogens and C22:6n-3 were depleted to the same extent in brain of LR:Pex5 Ϫ/Ϫ mice (Fig. 5B,D,F) as in generalized Pex5 knock-out mice. In the double-rescue LBR:Pex5 Ϫ/Ϫ mice, levels of plasmalogens in brain were comparable with the levels found in BR:Pex5 Ϫ/Ϫ mice (Fig. 5D ).
Neocortical neuronal migration
In agreement with previous reports, examination of cresyl violetstained coronal sections of E18.5 Pex5 Ϫ/Ϫ pups revealed altered cell densities in the cortical plate and white matter, consistent with a delay of neuronal migration (Fig. 6 A,B) . Interestingly, in both BR:Pex5 Ϫ/Ϫ and LR:Pex5 Ϫ/Ϫ mice, a significant improvement of the neuronal migration process was observed. In both cases, fewer neurons were located in the intermediate zone compared with Pex5 knock-out mice (Fig. 6C,D) . Finally, in doublerescue LBR:Pex5 Ϫ/Ϫ mice, neuronal migration appeared to be normalized because the density of cells in the intermediate zone in the double-rescue mice was indistinguishable from that in wild-type mice (Fig. 6 E) . To quantify the neuronal migration phenotype, BrdU pulsechase experiments were performed. Pregnant animals were given a single BrdU injection at E13.5 or at E15.5 of gestation, and the numbers of BrdU-labeled nuclei present in the germinative zone, intermediate zone, and neocortical plate were monitored at E18.5 (Fig. 6 F) . As shown in Figure 7 , a 2.4-fold increase of BrdUlabeled nuclei was observed in the intermediate zone of Pex5 knock-out brains compared with wild-type littermates, whereas a 48% reduction of BrdU-labeled nuclei was observed in the neocortical plate (Fig. 7E,F ) , and no change was detectable in the germinative zone (Fig. 7A,B) , confirming previous reports (Baes et al., 1997) . In LR:Pex5 Ϫ/Ϫ and in BR:Pex5 Ϫ/Ϫ mice, this accumulation in the intermediate zone was significantly reduced, with 1.8-and 1.4-fold more nuclei in the intermediate zone in comparison with wild-type mice (Fig. 7C,D) . Similarly, the paucity of labeled cells in the neocortical plate was significantly improved in LR:Pex5 Ϫ/Ϫ and BR:Pex5 Ϫ/Ϫ mice, with 23 and 29% reductions, respectively (Fig. 7E,F ) (Fig. 7C) became smaller, indicating that there is no important difference in restoration of the migration defect between the two rescue strains.
Neocortical neural cell death
Confirming previous results (Baes et al., 1997) , increased neural cell death was found in the neocortical plate of Pex5 Ϫ/Ϫ mice when compared with wild-type animals using both immunodetection of cleaved caspase-3 (Fig. 8 A-E) and TUNEL staining (Fig. 8 F) . In both BR:Pex5 Ϫ/Ϫ and LR:Pex5 Ϫ/Ϫ mice, a significant reduction of neural cell death was observed (Fig. 8 E,F ) . In double-rescue LBR:Pex5 Ϫ/Ϫ mice, cleaved caspase-3 counts were close to wild-type values, whereas counts of TUNEL-labeled nuclei were greatly reduced when compared with Pex5 Ϫ/Ϫ mice but still significantly higher than in Pex5 Ϫ/Ϫ mice ( Fig. 8 E,F ) .
Discussion
Although the adverse effects of defective peroxisomal function on the formation of cortex, cerebellum, and inferior olivary nucleus have been well documented, the precise molecular mechanisms causing these morphogenic defects are still enigmatic. The observation that the neuronal migration impairment also occurs in peroxisome-deficient transgenic mice (Baes et al., 1997; Faust and Hatten, 1997) opened new possibilities to study the links between peroxisomal function and neuronal migration.
In the present study, we show that peroxisomal metabolism in brain as well as in extraneuronal tissues can influence the neuronal migration process in the mouse. In addition, by correlating peroxisomal metabolic parameters in brain to the migration phenotype, it seems unlikely that the accumulation of very long chain fatty acids, the depletion of plasmalogens, or the reduced content of DHA by themselves cause the migration defect in peroxisome deficiency disorders.
Intact peroxisomal function in neuronal and extraneuronal tissues is essential for normal neuronal migration Both brain-and liver-selective reconstitution of peroxisomes in Pex5 knock-out mice resulted in a partial improvement of the neuronal migration process in comparison with the defect observed in generalized Pex5 knock-out mice. Concomitantly, the neural cell death was less severe in the two rescue strains than in the Pex5 knock-out mice.
In the Pex5 brain rescue strain, the reconstitution of peroxisomes appeared to be virtually complete during the critical period of neuronal migration, as shown by the presence of catalasepositive peroxisomes, the import of peroxisomal enzymes, and normalized levels of DHA and C26:0, at both E14.5 and E18.5. Plasmalogen content was completely restored in the brain at E14.5 but was again reduced to 60% of normal levels at E18.5, coincident with the lower activity of DHAPAT in E18.5 compared with E14.5 pups. Although we do not have a clear-cut explanation for this decline, it may be related to the temporary activity of the nestin enhancer, which is known to be switched off in postmitotic neurons (Zimmerman et al., 1994) . As a result, mycPex5p levels may be lower in certain areas of the brain in the prenatal period. This did not seem to affect the function of peroxisomal ␤ oxidation but might have been limiting for the import of ether phospholipid-synthesizing enzymes. Immunocytochemical analysis of catalase in the cortex of E18.5 pups confirmed that peroxisomes were still present in the different cortical layers at that age.
Taken together, we cannot exclude the possibility that the partial restoration of neuronal migration in the BR:Pex5 Ϫ/Ϫ mice is attributable to the incomplete reconstitution of peroxisomal function in the prenatal period. However, we favor the possibility that normal cortical development depends on functional peroxisomes in other organs as well. This idea was corroborated by the finding that a significant improvement of neuronal migration was observed in Pex5 liver rescue mice, even though the restora- tion of peroxisomal function in liver was only ϳ30%. Ϫ/Ϫ mice raises the question of whether complete restoration of hepatic peroxisomal function might normalize neuronal migration. An additional question is whether the impact of liver peroxisomes on brain development is specific for hepatocytes or whether it could also be exerted by peroxisomes in other tissues. Such questions might be resolved by generating mice with liver-and brain-selective depletion of peroxisomes using Pex5-loxP mice (Baes et al., 2002a) and appropriate Cre-expressing mice.
Pathogenic factors causing the neuronal migration defect in peroxisome deficiency disorders Increased levels of VLCFA have often been considered as the cause of the neuronal migration defect in Zellweger patients (Moser and Moser, 1996) . The availability of transgenic mouse models allows the analysis of neuronal migration in concert with the measurement of VLCFA levels in brain. An important improvement of the neuronal migration process was observed in Pex5 liver rescue mice despite the fact that in brain, C26:0 was accumulating to the same extent as in the Pex5-deficient mice. Conversely, normalization of the C26:0 levels in brain of brain rescue mice did not lead to a full restoration of neuronal migration. These data do not support a role for VLCFA as the single cause of the neuronal migration defect in peroxisome deficiency and are in line with results in other mouse models. Indeed, abnormalities in the cortical lamination were seen in Pex11␤ knockout mice, which exhibit only minor changes in brain C26:0 levels (Li et al., 2002) . On the other hand, in mice with selective peroxisomal ␤ oxidation defects (acyl-CoA oxidase and X-linked adrenoleukodystrophy knock-out mice), C26:0 accumulations were found in brain, but no neurodevelopmental abnormalities were reported (Fan et al., 1996; Forss-Petter et al., 1997; Kobayashi et al., 1997; Lu et al., 1997) . Furthermore, in MFP-2 knock-out mice, which accumulate C26:0 in brain to the same extent as Pex5 knock-out mice at the time of birth, no signs of disturbed neuronal migration were found by using the same brain analysis procedures as for the Pex5 knock-out mice (Baes et al., 2002b) . Thus, on the basis of the present and earlier experimental evidence, it seems unlikely that the excess of VLCFA on its own causes the neuronal migration defect in Pex5 knock-out mice, although it cannot be excluded that it is a contributing factor.
In the brain of liver-rescued mice, besides the high levels of C26:0, a depletion of plasmalogens and a reduction of C22:6n-3 were also found. Therefore, the significant improvement of the neuronal migration defect in these mice seems to be mediated by the correction of other metabolic factors. After a landmark analysis of a Zellweger brain, Evrard et al. (1978) speculated that there is some type of toxic insult to both migrating neurons and radial glial cells. Increased levels of a neurotoxic compound are indeed among the likely pathogenic mechanisms that fit well with the beneficial role of hepatic peroxisomes on brain development documented in this study.
We do not know which metabolic factors underlie the improved neuronal migration after local restoration of peroxisomal function in brain. Given the corrected levels of C26:0, the improved levels of plasmalogens, and the normalization of C22: 6n-3, it is possible that a combination of these and potentially other factors could be involved.
In conclusion, the present findings are consistent with the notion that multiple metabolic disturbances are etiological to the migration disturbance in conditions of peroxisome deficiency. To further decipher the role of peroxisomes in the neuronal migration process, it will be necessary to conduct a more extensive metabolic investigation of the affected brain and to document possible alterations in the signaling molecules that are starting to be uncovered as key players in the control of the neuronal migration process.
